Establishment of appropriate neural circuitry involves two different regressive events: naturally occurring neuronal death to select neurons that are appropriately connected with their targets and axon pruning to select axons that participate in an active neural circuit. The latter event, axon pruning, happens in organisms ranging from insects to mammals and occurs via a number of mechanisms, including axon retraction, long-distance axon degeneration and axosome shedding [1] [2] [3] [4] . Although it is clear that growth factors and circuit activity are important in axon pruning, we still don't understand how one axon is selected for pruning and its neighbor is selected for stabilization. One important clue to this selection comes from the neuromuscular junction, where winning axon terminals actively eliminate proximal, losing axon terminals 5 . There is, however, no cellular mechanism to explain this active selection event.
Establishment of appropriate neural circuitry involves two different regressive events: naturally occurring neuronal death to select neurons that are appropriately connected with their targets and axon pruning to select axons that participate in an active neural circuit. The latter event, axon pruning, happens in organisms ranging from insects to mammals and occurs via a number of mechanisms, including axon retraction, long-distance axon degeneration and axosome shedding [1] [2] [3] [4] . Although it is clear that growth factors and circuit activity are important in axon pruning, we still don't understand how one axon is selected for pruning and its neighbor is selected for stabilization. One important clue to this selection comes from the neuromuscular junction, where winning axon terminals actively eliminate proximal, losing axon terminals 5 . There is, however, no cellular mechanism to explain this active selection event.
We have asked how this selection occurs by studying sympathetic neurons of the peripheral nervous system. For peripheral neurons, targetderived neurotrophins like nerve growth factor (NGF) are important in regulating developmental axon competition 6 . For sympathetic neurons, activity is also essential 7, 8 . For example, developing rat sympathetic eyeprojecting neurons initially extend axon collaterals to two different eye compartments, but then axon elimination occurs, so that any individual neuron ultimately only projects to one compartment. If either circuit activity or target-derived NGF are perturbed during this time period, then axon selection does not occur [9] [10] [11] . Notably, sympathetic neuron targets are also inappropriately innervated in Ngfr -/-(p75NTR) 12, 13 and BDNF +/-mice 14 , suggesting that BDNF binding to axonal p75NTR might regulate sympathetic pruning.
Here, we have directly tested this idea. We found that pruning of sympathetic eye-projecting neurons requires activity-dependent synthesis of BDNF, which binds to p75NTR to locally promote axon elimination. To our surprise, p75NTR causes pruning by directly promoting axon degeneration, largely by inhibiting the TrkA-mediated signaling that is essential for axon maintenance. These findings explain how active axons could eliminate less-active, competing axons, and demonstrate an unanticipated role for p75NTR in developmental axon degeneration.
RESULTS p75NTR and BDNF are essential for sympathetic axon pruning
To examine a potential role for BDNF and p75NTR in axon pruning, we examined sympathetic eye-projecting neurons in mice. Specifically, we retrogradely labeled sympathetic neurons of the superior cervical ganglion (SCG) that project to the anterior versus posterior portions of the eye at two different time points: at the start of axon pruning, but after developmental death (postnatal day 20, P20), and at the end of the pruning period (P50). Initially, we injected the retrograde tracer fluorogold into the anterior and/or posterior eye compartments (Fig. 1a) . We then counted retrogradely labeled neurons 3 d later (Fig. 1b) and determined both the absolute number and the percentage of neurons projecting axons to one or both compartments. At P20, approximately
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650 SCG neurons (634 ± 32, n = 5) projected to the eye and 78% of these innervated both compartments (Fig. 1c,d and Supplementary  Fig. 1 online) . At P50, similar numbers of neurons projected to the eye (522 ± 73, n = 5), but only 20% of these innervated both compartments (Fig. 1c,d and Supplementary Fig. 1 ), confirming that axon pruning occurred over this time period, as has been seen previously in rats 9 .
We then carried out similar experiments in Ngfr -/-mice. As we observed in wild-type mice, approximately 650 SCG neurons (673 ± 58, n = 5) projected to the eye at P20 and 62% of these projected to both compartments (Fig. 1c,e and Supplementary Fig. 1 ). However, although similar total numbers of neurons projected to the eye at P50 (579 ± 61), the percentage of neurons that innervated both compartments did not change between P20 and P50 (Fig. 1c,e and Supplementary Fig. 1 ). We confirmed this lack of pruning in Ngfr -/-mice using another retrogradelabeling approach. Fluorogold was injected into the anterior compartment and a second tracer, cholera toxin subunit B conjugated to Alexa 555 (CtxB), was injected into the posterior compartment (Fig. 1a,b) . We quantified the labeling 3 d later and confirmed that a similar proportion of neurons innervated both eye compartments at P20 (61 ± 4%) and P50 (64 ± 4%) in Ngfr -/-mice (Fig. 1e) . Thus, appropriate developmental pruning of sympathetic axons requires p75NTR.
Because neonatal sympathetic neurons synthesize BDNF that is trafficked into their axons 15, 16 , and as p75NTR is the only sympathetic neuron receptor for BDNF 17, 18 , these data suggest a model where secretion of BDNF from active sympathetic axons binds to p75NTR on neighboring, 'losing' axons and promotes axon pruning. Thus, we asked whether neural activity induced BDNF mRNA synthesis in sympathetic neurons. Depolarization of cultured neurons with 50 mM KCl for 6 h caused an increase in total BDNF mRNA and in the mRNA specifically transcribed from the exon IV activity-dependent promoter, as detected using quantitative real-time PCR (QRT-PCR; Supplementary Fig. 1 ). We then tested the importance of this activity-dependent increase in BDNF by quantifying sympathetic axon pruning in mice where the exon IV BDNF promoter had been mutated 19, 20 (BdnfpIV -/-mice). In these mice, basal BDNF synthesis was unaffected, but BDNF synthesis in neurons did not increase in response to Ca 2+ influx (E.J.H. and M.E.G., unpublished data). Fluorogold and CtxB were injected into the anterior and posterior eye compartments, respectively, of these mice at P50, and double-labeled SCG neurons were counted 3 d later. At P50, 36 ± 7% of sympathetic axons projected to both compartments in wild-type littermates (Fig. 1f) . In contrast, 51% ± 4% of sympathetic neurons projected to both compartments in BdnfpIV -/-mice (Fig. 1f) . Thus, sympathetic axon pruning requires activity-dependent neuronal synthesis of BDNF.
Sympathetic axons degenerate during axon pruning
One way that axon pruning occurs is by local axonal degeneration. To determine whether sympathetic pruning occurs via degeneration, we analyzed axons that innervate the iris at P21, P35 and P56, which represent the beginning, middle and end of the pruning period, respectively. Irides were immunostained for p75NTR and tyrosine hydroxylase to identify sympathetic axons. As was seen previously for adult sympathetic neurons 21 , p75NTR was uniformly distributed along tyrosine hydroxylase-positive axons at P21 and P56 (Fig. 2a,b) . However, two distinct patterns of immunoreactivity were observed at P35; in some tyrosine hydroxylase-positive axons, p75NTR was uniformly distributed, whereas others showed fragmented p75NTR immunoreactivity. Double-labeling of irides for p75NTR and α-tubulin (Fig. 2c) and confocal scanning demonstrated that this fragmented p75NTR immunoreactivity reflected broken, degenerating axons, as indicated by disruption of axonal microtubules (Fig. 2c) . Notably, double-labeling for BDNF and tyrosine hydroxylase revealed that BDNF was readily detected in these fragmented sympathetic axons at P35, but by adulthood was instead highest in intact, tyrosine hydroxylase-positive axons (Fig. 2d) . Quantification confirmed that sympathetic axon pruning occurred coincident with the appearance of broken, presumably degenerating sympathetic axons in the iris. We measured the total length of tyrosine hydroxylase-positive axons per iris and found that the amount of sympathetic innervation was constant from P21 to P35, with a slight decrease at P56 (Fig. 2e) . In contrast, the total length of axonal breaks per iris (as measured by p75NTR or tubulin immunoreactivity) increased 3-4-fold between P21 and P35 and then decreased by P56 (Fig. 2f) . Similarly, the density of axonal breaks was increased threefold at P35 relative to P21 and P56 (Fig. 2g) .
We carried out a similar analysis of Ngfr -/-irides, double-labeling them for tyrosine hydroxylase and α-tubulin. Measurement of the total length of tyrosine hydroxylase-positive fibers at P35 showed that the level of sympathetic innervation was similar in Ngfr -/-and control irides (Fig. 2e) , as has been reported 13 . However, the total length and the density of breaks in Ngfr -/-irides were greatly decreased relative to controls at P35 (Fig. 2f,g ). Thus, p75NTR is essential for sympathetic axon degeneration during pruning.
BDNF and p75NTR cause degeneration during competition
The results of our in vivo studies suggest that sympathetic pruning occurs by BDNF-p75NTR-mediated axon degeneration. To further test this idea, we generated compartmented cultures of rat sympathetic neurons and exposed axons in side compartments to NGF (10 ng ml -1 ) with or without BDNF (200 ng ml -1 ) for 3 d (Fig. 3a) , which are conditions that do not affect neuronal survival 15 . We measured the forward rate of axonal growth (Fig. 3a) and the total amount of tubulin, the most abundant component of axons (Fig. 3b) , and found that BDNF inhibited sympathetic axon growth locally, as we saw previously in mass cultures 15 . To determine whether this decreased growth was the result of axon degeneration, we monitored the beading/blebbing of axons, a hallmark of sympathetic axon degeneration 22, 23 . This analysis showed that BDNF caused axon degeneration that was morphologically similar to that seen at early time points following NGF withdrawal (Fig. 3c,d ). To our surprise, BDNF caused beading even when axons were grown in saturating NGF (100 ng ml -1 ) indicating that p75NTR could override maximal TrkA signaling (Fig. 3c,d ). This BDNF-mediated degeneration was the result of p75NTR activation, as BDNF (200 ng ml -1 ) caused beading/blebbing of wild-type, but not Ngfr -/-, murine axons (Fig. 3e,f) . Thus, BDNF-mediated p75NTR activation is sufficient to cause axon degeneration.
To examine whether BDNF and/or p75NTR are necessary for axon competition, we used a culture procedure that we developed previously 16 . In these cultures, where more than 50% of neurons extend axons into both sides, all compartments contained NGF (10 ng ml -1 ) and the cell bodies and one side compartment were depolarized with 50 mM KCl (Fig. 4a) . Using this procedure 16 , we previously showed that depolarized, stimulated axons grow more than unstimulated axons, that unstimulated, competing axons grow significantly less than noncompeting axons extending into the same amount of NGF, and, using functionblocking antibodies, that this growth suppression is at least partially because of BDNF and p75NTR. To confirm that p75NTR was essential for this growth suppression, we established wild-type or Ngfr -/-neurons in competition cultures, and measured the amount of forward growth (Fig. 4a) , the density of axons (Fig. 4b,c) and the amount of tubulin after 4 d (Fig. 4d) . As was seen with rat neurons 16 , stimulated wild-type murine axons grew significantly more than their unstimulated counterparts ( Fig. 4a-d) . In contrast, Ngfr -/-axons grew equally well in both side compartments ( Fig. 4a-d) , indicating that p75NTR is essential for activity-dependent sympathetic axon competition.
We next asked whether p75NTR mediated this growth disadvantage by causing axon degeneration. Morphological analysis showed that approximately 50% of unstimulated, competing axons displayed beading/blebbing, as opposed to 15% of control axons (Fig. 5a,b) . To confirm that this was axon degeneration, we measured three other parameters that are indicative of axon degeneration: microtubule status by immunostaining for tubulin, mitochondrial activity with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and growth cone collapse by staining with the actin-binding protein phalloidin. These analyses revealed that, relative to control or to stimulated, competing axons, the unstimulated, competing axons showed enhanced microtubule fragmentation ( Fig. 5c ), greatly decreased mitochondrial activity ( Fig. 5d ,e) and high levels of growth cone collapse ( Fig. 5f,g ). Thus, the growth disadvantage is at least partially because of axon degeneration.
We then asked whether p75NTR and/or BDNF are required for this degeneration. We first carried out similar experiments with Ngfr -/-neurons. These experiments showed that the loss of p75NTR rescued both the axonal beading/blebbing (Fig. 5a,b ) and the decreased mitochondrial activity (Fig. 5d,e ) that was seen in wild-type, unstimulated, competing axons. Moreover, competing, unstimulated Ngfr -/-axons were statistically similar to Ngfr -/-control and stimulated axons with regard to both of these parameters (P > 0.05; Fig. 5a ,b,d,e). To determine whether axonal BDNF is also necessary, we added a function-blocking antibody to BDNF to unstimulated, competing axons. Antibody to BDNF completely inhibited the competition-induced axonal beading/blebbing ( Fig. 5h) , indicating that BDNF secreted from axons in the unstimulated compartment acts via p75NTR to cause axon degeneration.
p75NTR is enriched in degenerating axons
In our competition culture model, selectively unstimulated, competing axons degenerated, suggesting that BDNF and/or p75NTR might be selectively localized to these axons. Western blot analysis for p75NTR supported this idea; p75NTR levels were 2-3-fold higher in unstimulated, competing axons than in stimulated axons from the same cultures (Fig. 6a) . Immunocytochemistry on competition cultures confirmed this increase, showing that levels of p75NTR immunoreactivity were 2-3-fold higher in unstimulated, competing axons (Fig. 6b) . Moreover, p75NTR immunoreactivity was punctate on unstimulated, competing axons, as opposed to its uniform distribution on stimulated axons (Fig. 6b,c) . This punctate p75NTR staining was apparent both in the beads/blebs of degenerating axons (Fig. 6c) and, to some degree, in the adjacent axonal segments where the morphology was apparently normal. Similar punctate staining was observed for BDNF in unstimulated, competing axons, potentially reflecting binding of BDNF to axonal p75NTR (Fig. 6d) . Finally, the p75NTR-positive beads were enriched for ubiquitin (Fig. 6e) , which is known to localize to degenerating axons, suggesting that the beads might be loci for protein degradation. Thus, the selective degeneration of unstimulated, competing axons may be a result of locally increased BDNF-mediated p75NTR signaling. p75TNR causes degeneration by suppressing TrkA signaling Although these data indicate that p75NTR causes a growth disadvantage, there is still net growth of competing, unstimulated axons in competition cultures 16 . To determine whether a p75NTR-dependent degenerative mechanism could cause complete axonal loss, as is seen during pruning, we modulated NGF levels. In control cultures, when NGF was decreased from 10 to 1 ng ml -1 in the side compartments, some axons degenerated, but many continued to grow (Fig. 7a) . In contrast, when NGF was similarly lowered in competition cultures, axons completely degenerated by 4 d (Fig. 7b,c) . Thus, when NGF is limiting, as it is during axon pruning in vivo, p75NTR can cause complete loss of inactive, losing axons. These findings suggest that p75NTR might cause degeneration by inhibiting the TrkA-mediated signaling that is necessary for axonal maintenance. If so, then axon degeneration following NGF withdrawal should be largely or completely independent of p75NTR. To test this prediction, we cultured wild-type and Ngfr -/-neurons, and then withdrew NGF from one side compartment. Morphological measurements and western blots for tubulin indicated that both wildtype and Ngfr -/-axons degenerated, but that there was a small, but significant, decrease in degeneration of the latter (Fig. 7d,e) . Thus, most, but not all, of the axon degeneration induced by NGF withdrawal is p75NTR independent.
We next asked whether p75NTR antagonized TrkA-mediated signaling, as has been previously reported in PC12 cells 24 . Western blot analysis of sympathetic neurons grown in NGF (10 ng ml -1 ) with or without BDNF (200 ng ml -1 ) for 3 d demonstrated that BDNF-mediated p75NTR activation reduced long-term activation and phosphorylation of ERK, a downstream TrkA target, by approximately 40% (Fig. 7f) . Conversely, Ngfr -/-neurons cultured in NGF (10 ng ml -1 ) for 2 d showed an approximately 50% increase in phospho-ERK levels (Fig. 7g) . As would be predicted, the addition of BDNF to Ngfr -/-neurons had no effect on phospho-ERK levels (Fig. 7h) . Thus, p75NTR normally attenuates at least some aspects of TrkA-mediated signaling.
We next asked whether attenuation of local TrkA-mediated signaling would be sufficient to cause axon degeneration by focusing on two TrkA pathways that are essential for axonal growth, the PI3-kinase and MEK pathways 25 . We established compartmented cultures in NGF (10 ng ml -1 ) and added 50 µM of the PI3-kinase inhibitor LY294002 and/or the MEK inhibitor PD98059, concentrations that are specific and efficacious for sympathetic axons 16, 25, 26 . Morphological analysis demonstrated that, although both compounds inhibited local axonal growth, as we have shown previously 25 , neither caused degeneration (Fig. 8a,b) . In contrast, coincident inhibition of both pathways caused beading/blebbing on most axons by 4 d (Fig. 8c) . Results were even more notable in competition cultures; coincident inhibition of PI3-kinase and MEK caused virtually complete degeneration of unstimulated, competing axons (Fig. 8d,e) .
Together, these experiments demonstrate that p75NTR causes the degeneration of unstimulated, competing axons, inhibition of TrkAmediated PI3-kinase and MEK activation is sufficient to cause local axonal degeneration and loss, and p75NTR attenuated TrkA-dependent signaling. We therefore carried out a final rescue experiment to determine whether inhibition of TrkA signaling was necessary for p75NTR-dependent axon degeneration. Specifically, we transduced sympathetic neurons with an adenovirus expressing Gab1, an adaptor protein recruited by TrkA to activate PI3-kinase and MEK 27 , and asked whether this rescued p75NTR-mediated degeneration. We have previously shown that Gab1, when overexpressed via an adenovirus, is trafficked into sympathetic axons, where it increases phosphorylation of ERK and Akt, a downstream PI3-kinase target, by approximately twofold 26 . We established sympathetic neurons in compartmented cultures, washed out axons and infected cell bodies with green fluorescent protein (GFP)-or Gab1-expressing adenoviruses for 1 d. The cells were maintained in NGF (10 ng ml -1 ) for an additional 1 d and then switched into competition conditions. Immunocytochemistry 2 d later for either Gab1 or GFP revealed that overexpression of Gab1 completely rescued the degeneration of competing, unstimulated axons, so that they were morphologically indistinguishable from the competing, stimulated axons in the same cultures (Fig. 8f,g ). Thus, p75NTR causes the degeneration of losing sympathetic axons largely by attenuating the TrkA-mediated signaling that is essential for axonal maintenance.
DISCUSSION
The data that we present here support a number of major conclusions. Our in vivo studies indicate that sympathetic axon pruning requires both p75NTR and activity-dependent BDNF synthesis, and that pruning occurs coincident with the degeneration of sympathetic axons in target organs. Similarly, the results of our culture studies demonstrate that p75NTR and axonal BDNF are required for activity-dependent axonal competition in culture and that BDNF-mediated p75NTR activation causes the loss of unstimulated, competing axons by promoting their degeneration. Finally, our culture studies provide a mechanism for this developmental competition/pruning by showing that p75NTR causes axon degeneration, at least in part, by suppressing TrkA-dependent signals that are necessary for axonal maintenance. Together, these findings support a model where active sympathetic axons secrete BDNF, activating p75NTR on neighboring axons and causing their degeneration, thus providing a cellular mechanism to explain how winning axons actively eliminate proximal, losing axons and thereby ultimately determine appropriate and selective target innervation. One of the attractive aspects of this model is its ability to explain a number of previous findings. First, studies on sympathetic eye-projecting neurons have shown that either increasing target-derived NGF or silencing circuit activity is sufficient to inhibit axonal pruning [9] [10] [11] . Consistent with these findings, our results show that p75NTR activation only causes complete elimination of axons receiving suboptimal NGF, and that when activity-dependent BDNF synthesis is inhibited, so is p75NTR-mediated degeneration and pruning. Second, sympathetic innervation patterns are perturbed in Ngfr -/-mice 12, 13 , and at least one sympathetic target, the pineal gland, is hyper-innervated in Bdnf +/-mice 14 . Our data indicate that these phenotypes are at least partially the result of the lack of appropriate pruning.
We have previously shown that BDNF and p75NTR are also important for the naturally occurring sympathetic neuron-death period that precedes axon pruning 17, 28, 29 . Moreover, we demonstrated that the developmental survival of sympathetic neurons was determined by an antagonistic interplay between TrkA-derived prosurvival signals and p75NTR-derived proapoptotic signals, and proposed a model where BDNF, binding to p75NTR, led to the rapid elimination of sympathetic neurons that failed to compete successfully for sufficient target-derived NGF 30, 31 . Notably, a recent study 32 has provided a mathematical model for these events and has shown that both BDNF and NT-4 are important ligands for p75NTR during the sympathetic neuron-death period. Thus, winning neurons may secrete neurotrophins as a mechanism to eliminate both unsuccessful neurons and losing axons during the later axon pruning period.
Although we have focused on activity-dependent secretion of BDNF from winning sympathetic axons in our model, BDNF secreted from sensory or parasympathetic axons in the same targets and/or even from the target tissue itself may also participate in p75NTR-mediated axon pruning. In fact, BDNF secretion by these other axonal populations would provide an attractive mechanism for segregating axonal populations in peripheral targets. Moreover, activity may not be the only extrinsic cue that upregulates BDNF synthesis in the winning neurons. In sensory neurons, NGF upregulates BDNF synthesis 33 , suggesting that the enhanced circuit activity and increased target-derived NGF seen by winning neurons may converge to increase BDNF synthesis and secretion, probably from all parts of the axonal network. Why then do only the unstimulated, losing axons degenerate? We propose that this is a consequence of differing relative levels of negative versus positive signaling. For the losing axons, p75NTR levels are higher and the amount of NGF (and thus TrkA-mediated positive signals) is lower, leading to local degeneration. In contrast, winning axons derive positive signals from increased target-derived NGF and from activity-dependent calcium influx, which more than compensate for any BDNF-p75NTR-mediated negative signaling that does occur.
A number of recent papers indicate that a role for p75NTR in axon pruning and/or degeneration may generalize to other types of neurons. In particular, one recent study 34 using a mouse model of olfactory axon competition showed that activity-dependent pruning of losing axon terminals occurred via degeneration and required normal levels of both BDNF and p75NTR. Moreover, a second recent study 35 demonstrated that p75NTR overexpression caused axonal degeneration in neurons derived from embryonic stem cells and implicated a p75NTR-based degenerative mechanism for injured, adult basal forebrain cholinergic neurons. Notably, the hippocampal targets of central cholinergic neurons are hyper-innervated in Ngfr -/-mice 36 , suggesting that p75NTR might also regulate developmental axon selection in this system.
Our studies, and in particular the Gab1-mediated rescue experiment, indicate that one way that p75NTR induces degeneration of losing sympathetic axons is by attenuating TrkA signaling. It is clear from classic studies 37, 38 that local NGF-mediated TrkA activation is essential for maintaining local axonal integrity and that axons degenerate in its absence. Such a mechanism has the advantage that it would only eliminate axons that fail to sequester adequate amounts of target territory and target-derived NGF. However, our data showing a modest rescue of NGF withdrawal-induced axon degeneration in Ngfr -/-neurons argue that p75NTR must also signal via a second, TrkA-independent mechanism. One clue as to the nature of this mechanism may come from our data showing that p75NTR is enriched in degenerating axons, particularly in ubiquitin-rich beads that may be loci for active protein degradation.
It is now clear that mammalian pruning occurs via a number of distinct mechanisms, including retraction, axosome shedding and axon degeneration. Here, we provide evidence that, for sympathetic neurons, axon selection and pruning are the consequence of an active mechanism whereby active winning axons secrete a neurotrophin, BDNF, that activates p75NTR on losing neurons, thereby causing axonal degeneration. Whether such an active, p75NTR-based degenerative mechanism is important for other populations of mammalian neurons and/or for other p75NTR-based regressive growth events, such as myelin inhibition 39, 40 , is an important question for the future.
METHODS
Analysis of transgenic mice. The Animal Care Committee of the Hospital for Sick Children approved all animal use in accordance with the policies established by the Canadian Council of Animal Care. Mice that were homozygous for a targeted mutation in the Ngfr gene 12 in a mixed C129-C57BL6 background were generated and maintained as described previously 28 . Mice with a targeted mutation in the activity-dependent exon IV of the Bdnf gene were created by deleting the promoter and exon IV from -160 to +281 relative to the transcription initiation site (E.J.H. and M.E.G., unpublished data).
Retrograde-labeling experiments. The retrograde-labeling experiments were carried out as described previously 9 . For single-label experiments, mice were anesthetized with ketamine and xylazine and 2.5 µl of 4% fluorogold (vol/vol, Biotium) was injected into the anterior and/or posterior eye compartments. For double-label studies, fluorogold was injected into the anterior compartment and 2.5 µl of CtxB (1 mg ml -1 , Molecular Probes) was injected into the posterior compartment. Injections were carried out using a 10-µl Hamilton syringe (Fisher Scientific) fitted with a micropipette. SCGs were removed 2.5 d postlabeling, drop-fixed, cryoprotected and sectioned at 7 µm on a Leica cryostat (Nussloch) as described previously 17 . Images were captured using a 20× objective on a Zeiss microscope with Northern Eclipse software. Dye-labeled cells were counted on every third section, and the total number of cells was determined by multiplying by 3, as described previously 41 . For single-label experiments, we determined the ratio of neurons projecting to both compartments by calculating [(neurons projecting to anterior + those projecting to posterior) -number labeled on injection into both compartments] / (number labeled on injection into both compartments). For the double-labeling experiments, we determined the percentage of the labeled neurons that were double labeled (number of double-labeled neurons / total number of labeled neurons). Statistical analyses were performed using Student's t-test.
Neuronal culture manipulations and axon growth measurements. Sympathetic neurons were dissected from the SCG of P1 Sprague-Dawley rats or mice and dissociated as previously described 42 . Mass cultures were prepared and cultured as described 43 , and analyzed after 5 d. Compartmented cultures were prepared as described previously 26, 44 , at a density of 0.75 ganglia per dish for rat cultures and 1.5 ganglia per dish for murine cultures. In all cases, NGF was used at 10 ng ml -1 unless otherwise indicated, KCl at 50 mM and BDNF at 200 ng ml -1 . All compartmented cultures were initially established for 6-7 d with 20 ng ml -1 NGF in the medium to support neuronal survival and neurite extension into the side compartments. To measure axonal growth rates, we axotomized neurites as described previously 44 and then fed them with NGF. After 24 h, cultures were switched to experimental conditions as indicated. De novo axon growth was measured as described 16 . PD98059 (Biomol) and LY294002 (Biomol) were replaced every 24 h in the long-term experiments. For all axon degeneration experiments, images were taken at 2 and/or 4 d in experimental conditions. In the NGF-withdrawal experiments, neurites growing in NGF were washed free of neurotrophins and antibody to NGF (1:1,000, Sigma) was added to the axon compartment. For experiments with the Gab1 adenovirus, we infected rat neurons in compartmented cultures overnight by addition of replication-deficient recombinant adenoviruses expressing either Gab1 or GFP (at a multiplicity of infection of 100) as described 26 . For the MTT experiments, photographs of every second axon track were captured and 40 µl of MTT reagent was added to the axon compartment containing 400 µl of medium, which were incubated at 37 °C for 2 h, and then photographs of the same axon fields were captured a second time. Growth cone collapse was measured using rhodamine-phalloidin (Molecular Probes), and images were captured and analyzed as previously described 26 . Growth cones from 7-10 fields per dish were examined.
Immunocytochemistry. Immunocytochemistry on cultured neurons was carried out as described previously 26 . Irides were dissected from animals perfused with 4% paraformaldehyde (wt/vol), rinsed with 0.9% NaCl (wt/vol), fixed on glass slides for 1 min with 4% paraformaldehyde, washed 3 times for 5 min in PBS, blocked for 1 h in 0.3% Triton-X (vol/vol) plus 10% normal donkey serum or 10% normal goat serum (vol/vol), incubated with primary antibody overnight at 4 °C, washed 3 times for 5 times in PBS and then incubated with secondary antibody. We used antibodies to BDNF (1:200) 45 , p75NTR (1:300-500, Promega), α-tubulin (1:500-1,000, Sigma) ubiquitin (1:100, Covance), GAB1 (1:100, Upstate), GFP (1:1,000, Chemicon) and tyrosine hydroxylase (1:200, Chemicon) as primary antibodies. We used goat antibodies to rabbit, donkey antibodies to rabbit or goat antibodies to mouse at 1:500-1,000 (all Molecular Probes) as secondary antibodies.
Image processing and data analysis. Axon degeneration in culture was quantified from phase or fluorescence images by counting the number of individual axons at the leading edge that had at least two beads/blebs, as described 22 . Axon degeneration in vivo was quantified from fluorescent micrographs of immunostained irides, measuring the total length of axons colabeled with tyrosine hydroxylase and p75NTR per iris, the total number of breaks greater than 2 µm in axons colabeled with tyrosine hydroxylase and either p75NTR or α-tubulin per iris, and the length of each axon break. Density was obtained by normalizing the total number of breaks to total axon length. Quantification of phase or MTT-stained axon densities was carried out by choosing random fields and using Northern Eclipse software to obtain the percentage of total area covered by thresholded axons. For the MTT experiments, the area covered by MTT-stained axons was normalized to the phase micrograph of the same area to correct for differences in the total number of axons per field. Statistics were performed using Student's t-test.
Western blot analysis. In compartmented culture experiments measuring α-tubulin or p75NTR, axonal material was collected from 2 or 4 individual compartments and analyzed as described 43 . For the biochemical stimulation experiments, neurons were washed free of neurotrophins and stimulated for time points ranging from 15 min to 3 d at 37 °C, the total protein content was determined, and equal amounts of protein were analyzed as described previously 43 . We used antibodies to phospho-ERK (1:5,000, Promega), ERK (1:2,500-5,000, Santa Cruz), α-tubulin (1:5,000, Sigma), and p75NTR (1:2,000, Promega) as primary antibodies.
Gene expression analysis. Total RNA was isolated from sympathetic neuron cultures (Qiagen or Ambion kits, as per the manufacturer's instructions). For each sample, 1 µg of total RNA was digested with DNAseI (Invitrogen) and reverse transcribed by oligodT-priming using SuperScriptIII (Invitrogen). The amount of each Bdnf transcript present in the sample was measured by QRT-PCR on 1/20 of the resulting cDNA using SYBR Green detection (Applied Biosystems). 
